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Abstract
Emissions of anthropogenic aerosol and greenhouse gases (GHG) have significantly altered various
aspects of the climate extremes in recent decades, yet, the observed global tropical cyclone
frequency (TCF) shows no significant trend. Untangling this puzzle requires a better
understanding of the precise contributions of the individual anthropogenic forcing to global TCF
changes. Here, we quantify the relative contributions of anthropogenic aerosol and GHG to global
TCF, represented by genesis potential index (GPI), using the single anthropogenic forcing
experiments from the 14 Coupled Model Intercomparison Project phase 6 (CMIP6) models. We
find that the two forcings have comparable but opposite impacts on GPIs due to their influences on
the TC environment, leading to an insignificant change in GPIs in the historical period
(1850–2014). Notably, the aerosol radiative forcing’s intensity is only about one-third of that of
GHG, suggesting a more effective modulation of aerosol forcing on GPIs. The stable global TC
frequency during the past decades could be attributable to the similar pace of the two
anthropogenic emissions. The results highlight that a reliable global TC projection depends on
both the aerosol and GHG emission policies.

1. Introduction

Extensive studies have documented the significant
impacts of anthropogenic forcing on global TC
activities regarding its nontrivial social-economic
impact and great scientific merit (Webster et al 2005,
Murakami et al 2020, Knutson et al 2019). The
anthropogenic forcing-induced global warming is
significant during the historical period and projects
to be further amplificated, thus probably changing
TC activities (Webster et al 2005, Knutson et al 2010,
2020, Walsh et al 2016). Nevertheless, the observed
global TCF shows no long-term trend during the
past decades (Webster et al 2005, Knutson et al
2019), yet no consensus has beenmade regarding how

global TCF will change in a future warming climate
(Camargo et al 2013, Knutson et al 2020, Emanuel
2021). Most studies implicitly hypothesized the sim-
ilar impacts of different forcing agents on global TCF
for different emission scenarios, yielding the contro-
versial results of TCF projection (Camargo et al 2013,
Sugi and Yoshimura 2012, Bhatia et al 2018, Lee et al
2020, Emanuel 2021).

However, studies showed that the TCF may be
sensitive to forcing types since their impacts on
TC-related environments vary. The greenhouse gas
(GHG) forcing-induced top-heavy warming could
suppress the upward mass flux, thus reducing the
global TCF, with large zonal variations (Sugi and
Yoshimura 2012, Satoh et al 2015). The increase of
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troposphere aerosol from intensive volcanic erup-
tions or artificial injection could shift the TC genesis
location meridionally within one hemisphere (Jones
et al 2017, Wang et al 2018, Pausata and Camargo
2019). Recently, Cao et al (2021) pointed out that the
historical anthropogenic aerosol loading could shape
the hemisphere-asymmetric response of TCF through
an aerosol-forced significant change of meridional
gradient of surface temperature. It promotes South-
ernHemisphere (SH) TCs byweakening vertical wind
shear (VWS) and strengthening vertical motion but
reduces the Northern Hemisphere (NH) TCs from
enhanced VWS and reduced vertical motion. In sum-
mary, these studies indicated changes in hemisphere-
scale and global-scale TCF are potentially sensitive to
different forcing agents.

TC forms over the tropical oceans, its formation
is determinedmainly by its ambient large-scale envir-
onment. The frequency of TC could be theoretically
and empirically expressed by the TC ambient envir-
onmental conditions, including themaximumpoten-
tial intensity (PI), VWS, relative humidity (RH), and
vertical velocity (Omega) (e.g. Emanuel and Nolan
2004, Wang and Murakami 2020). Anthropogenic
aerosols and GHG are the two leading components of
external forcings during the historical period, which
showed a similar spatial pattern of climate impacts
over the tropics, albeit its different signs (Xie et al
2013, Persad et al 2018). The opposite impacts from
the two forcings may be implicit in the canceling
effect on the TC-related environment. Indeed, Ting
et al (2015) found that the decrease in TC maximum
PI due to aerosol forcing could essentially cancel out
the increase of PI from the GHG forcing. Such com-
parable and opposite impacts of aerosol and GHG
forcing on PI are still held over global and hemi-
sphere scales (Sobel et al 2016). In addition, obser-
vational studies suggested that the total effect of the
two forcings on observed global TC activities is rel-
atively small during the historical period (Knutson
et al 2019), which may be due to their opposite cli-
mate impacts on TCs (Weinkle et al 2012, Villarini
and Vecchi 2013, Ting et al 2015, Sobel et al 2016,
2019, Knutson et al 2019).

However, to date, it is still unknown whether this
cancelation effect is also existing for TCF or not, and
what is the relative importance of historical aerosol
and GHG forcing on global/regional TCF changes.
The limitation of its physicalmechanism understand-
ing is themain obstacle to uncovering the inconspicu-
ous change of observed global TCF and improving
the TCF projection, since the temporal evolutions of
aerosol and GHG forcing are different among scen-
arios in the phases of CMIP (Taylor et al 2012, O’Neill
et al 2016). Motived by these above studies, ques-
tions naturally arose: Do the comparable and oppos-
ite impacts of the two forcings on global TCF exist? Is
the global TCF more sensitive to aerosol forcing than

GHG forcing, since the smaller radiative forcing from
anthropogenic aerosol during the historical period?
Here, we intended to explore the climate effect of his-
torical aerosol and GHG forcing on global TCF and
quantify the relative importance of the two forcings
on TCF changes based on the single forcing simula-
tions of the CMIP6 models.

2. Data andmethod

2.1. Simulations and data
To identify how individual anthropogenic forcing
affects global TCs, we selected the monthly outputs
of four experiments, historical, historical aerosol-
only (hist-aer), historical GHG-only (hist-GHG), and
pre-industrial simulations, from 14 CMIP6 mod-
els (table 1). The historical experiment is forced by
the time-varying all-known historical (ALL) forcing,
while the hist-aer and hist-GHG simulation only
considered the time-varying historical anthropogenic
aerosol and GHG forcing with the other forcing fixed
at the pre-industrial level, respectively (Eyring et al
2016, Gillett et al 2016). The pre-industrial simula-
tion is forced by the perpetual 1850s forcings. The
last 100 yr data of pre-industrial simulation is used
as the reference. The last 30 yr (1985–2014) data
from historical, hist-aer, and hist-GHG simulations
are used to identify the climate effects of external for-
cing. Thus, the differences between the periods of
1985–2014 from each forced experiment and the cor-
responding pre-industrial simulation are regarded as
the influences of external forcing. To obtain themulti-
model ensemble, we interpreted the model outputs
into the resolution of 2◦ × 2◦ using bilinear interpol-
ation. The NH TC peak season July–October (JASO)
and the SHTCpeak season January–April (JFMA) are
considered in this study.

In the selected 14 CMIP6 models, 12 models
performed the tier-1 experiment of radiative for-
cing model intercomparison project (RFMIP). The
piClim-control, piClim-aer, and piClim-ghg exper-
iments are used to calculate the effective radiative
forcing of the historical aerosol and GHG forcing.
All experiments are integrated with atmospheric gen-
eral circulation model forced by climatological sea
surface temperature (SST) and sea ice concentra-
tion from its corresponding piControl experiment.
The external forcing of piClim-control is the same
as the pre-industrial simulation. The experimental
designs of piClim-aer and piClim-ghg are similar to
piClim-control, except using the present-day aerosol
and GHG forcing, respectively. The effective radiat-
ive forcing of the aerosol (GHG) is defined as the
difference of energy budget at the top-of-atmosphere
between the piClim-aer (piClim-ghg) and its corres-
ponding piClim-control experiment. Table 1 shows
that the ensemble mean of historical aerosol radiat-
ive forcing is −1.14 W m−2. It is much smaller than
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Table 1. Description of 14 CMIP6 models and the corresponding radiative forcing used in this study.

Model name
Atmosphere

resolution Lon× Lat
TOA radiative forcing
from aerosols (W m−2)

TOA radiative forcing
from GHG (Wm−2)

ACCESS-CM2 192× 144 −1.17 3.04
ACCESS-ESM1-5 192× 144 −1.25 3.06
BCC-CSM2-MR 320× 160 — —
CESM2 288× 192 −1.5 3.03
CanESM5 128× 64 −1.11 2.87
CNRM-CM6-1 256× 128 −1.14 2.74
FGOALS-g3 180× 80 — —
GFDL-ESM4 288× 180 −0.9 3.23
GISS-E2-1-G 90× 144 −1.36 2.89
HadGEM3-GC31-LL 192× 144 −1.17 3.11
IPSL-CM6A-LR 144× 143 −0.68 2.82
MIROC6 256× 128 −0.99 2.69
MRI-ESM2-0 320× 160 −1.22 3.03
NorESM2-LM 144× 96 −1.23 2.8
MME −1.14 2.94
Standard deviation 0.21 0.16

the radiative forcing from GHG forcing, with a value
of+2.94 W m−2.

2.2. TC genesis potential in climate models
The averaged horizontal resolution of the 14 mod-
els is about 200 km over the tropical region. The
coarse resolution of these models may limit the abil-
ity to simulate TCs. The genesis potential index
(GPI) is generally used as a good proxy to repres-
ent TCs in coarse resolution models. Two independ-
ently developed GPIs by Emanuel and Nolan (2004)
andWang andMurakami (2020) have well represent-
ation of TCF climatology and will be adopted in this
study. The Emanual and Nolan’s GPI (ENGPI) con-
siders both thermal dynamic and dynamic factors; it
is formulated as:

ENGPI=
∣∣105η∣∣ 3

2

(
H

50

)3(PI

70

)3

(1+ 0.1Vshear)
−2

(1)

where η is the 850 hPa absolute vorticity (Vort), H
is the 600 hPa relative humidity, PI is the maximum
potential intensity, Vshear is the magnitude of 200–
850 hPa wind shear. The PI is defined in the following
expression:

PI2 =
Ts −To

To

Ck

CD
(k∗ − kRMW) (2)

where TS −To is the temperature difference between
the TC outflow (To) and SST (TS);CK andCD are bulk
exchange coefficients for heat andmomentum; and k∗

and kRMW are the saturation moist enthalpy of the sea
surface and the actual enthalpy of near-surface air in
the tropical cyclone eyewall, respectively.

The dynamic GPI (DGPI) from Wang and
Murakami (2020) primarily considers the dynamic
factors, consists of four elements:

DGPI= (2+ 0.1Vshear)
−1.7

(
5.5− ∂u

∂x
105

)2.3

× (5− 20ω)3.3
(
5.5+

∣∣105η∣∣)2.4 e−11.8 − 1
(3)

where ∂u
∂x is the meridional gradient of zonal wind

at 500 hPa; ω is the 500 hPa vertical pressure velo-
city. The DGPI was derived from both the present
day and future global warming environment. It works
better than ENGPI on inter-annual time-scale and
under high emission forced global warming climate
(Wang and Murakami 2020, Murakami and Wang
2022). Both GPIs represent the observed present-
day TC climatology very well (Wang and Murakami
2020, Cao et al 2021), and the ensemble mean of his-
torical simulation can well reproduce the observed
TCF climatology for NH during JASO and SH dur-
ing JFMA (Cao et al 2021). The observed NH TC
frequency shows an increasing trend and the SH
TC frequency shows an decreasing trend since the
1980s when the available TC frequency data is reli-
able. The trendsmay partially attribute to the external
forcings (Murakami et al 2020). The multi-model
ensemble means of ENGPI and DGPI well simulated
the increase and decrease trend over the NH and
SH, respectively (figure S1). It suggests the robust-
ness of the usage of the two GPIs during the histor-
ical period and the reliability of the 14 CMIP6 model
simulations.

3. Main results

3.1. Changes in GPIs response to external forcing
Figure 1 shows the impacts of historical ALL, aero-
sol, and GHG forcing during TC peak season from
the ENGPI and DGPI based upon the ensemble
mean of 14 CMIP6 models. Overall, the ENGPI and
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Figure 1. ENGPI (left) and DGPI (right) anomalies for (a), (b) historical, (c), (d) hist-aer, and (e), (f) hist-GHG experiment
relative to pre-industrial period. The brown boxes indicate the TC development zone for the NH and SH.

DGPI show a similar spatial pattern of anomalies
for the giving forcing (e.g. aerosol, GHG, and their
combined), indicating the response pattern is robust
regardless of the type of GPI (ENGPI and DGPI;
figure 1). When considering aerosol and GHG for-
cing simultaneously (figures 1(a) and (b)), the anom-
alies ofGPIs are apparently smaller than that from any
individual forcing (figures 1(c)–(f)). It comfirms our
hypothesis that the comparable and opposite impacts
of the two forcings exist on global TCF. The simulated
GPI anomalies in the historical experiment gener-
ally increases over the SH, while it is basin-dependent
over the NH for ENGPI and DGPI. Specifically, there
is a triple response pattern over the Northwestern
Pacific (WNP), a dipole pattern over the Northeast-
ern Pacific, and a uniform decreased pattern over the
North Atlantic. The reduction of TCF over the North
Atlantic is consistent with the observed long-term
change. Some studies compiled the long-term TC fre-
quency datasets over the North Atlantic based on
ship reports, journals, andmarine proxy data (Nybery
et al 2007, Vecchi and Knutson 2011, Vecchi et al
2021). The compliedNorth Atlantic TC datasets show
more TCs during the pre-industrial period than in the
present-day climate.

In terms of individual forcing, the hist-aer exper-
iment simulated an apparent decrease of GPIs over
the NH oceans (figure 1(c)), while over the SH there
is an overall increase and southward shift of GPIs
(figure 1(d)). It agrees well with the results from
the ensemble simulations of climate models with

comprehensive aerosol effects and CMIP5/CMIP6
simulation with different complexity treatments of
aerosol (Dunstone et al 2013, Cao et al 2021,
Murakami 2022). The GHG-induced changes of GPIs
are generally similar to that in hist-aer run, but the
sign is reversed (figures 1(c)–(f)). The simulatedGPIs
are increased over most part of the North Pacific,
the main development zone of the North Atlantic,
but decreased over the southeast part of WNP, west-
ern coast of North America, Gulf of Mexica, and
the Caribbean Sea (figures 1(e) and (f)). This pat-
tern coincides with the results from high-resolution
models as suggested by previous studies (Zhao et al
2009, Li et al 2010, Roberts et al 2015, Bhatia et al
2018, Knutson et al 2020), while some studies show
opposite results (Sugi and Yoshimura 2012, Knutson
et al 2013, Murakami et al 2014, Satoh et al 2015).
It suggests the high uncertainty of the projected TCF
changes over individual basins, although themajority
of studies suggested that GHG-induced global warm-
ing could reduce the global TCs (Sugi and Yoshimura
2012, Satoh et al 2015, Knutson et al 2020).

The competing effect from GHG and aerosol for-
cing largely dominates the relative weak change of
GPIs under historical ALL forcing (figure 1). This is
further confirmed by the high consistency of spatial
pattern between historical simulation and the sum
of GPI changes from hist-GHG and his-aer runs in
both ENGPI andDGPI (figure S2). It suggests that the
GPI responses to GHG and aerosol forcing are prob-
ably linearly additive during the historical period. The
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Figure 2. The contributions of aerosol forcing in changing ENGPI and DGPI for (a) global and (b) individual ocean basins.

result agrees well with the impacts of these two for-
cings on PI as suggested by Ting et al (2015) and
Sobel et al (2016). It raises our confidence to untangle
the relative importance of individual external for-
cing based upon the single forcing experiments from
CMIP6 models.

3.2. Comparable impacts of aerosol and GHG
forcing on GPIs
To quantitatively assess the relative importance of the
forcing (factor) on GPI anomalies, we defined the
importance index for a giving forcing (factor) as:

Con_f1=
|eff_f1|

|eff_f1|+ |eff_f2|
(4)

where f1 and f2 can be either aerosol or GHG for-
cing, |eff_f1| and |eff_f2| are the magnitudes of GPI
anomalies to the individual forcing, respectively. By
definition, the Con_f2 is equal to 1-Con_f1. Figure 2
explicitly shows the relative importance of the aerosol

forcing for the GPI anomalies over the global, hemi-
spheric, and individual ocean basins. The contri-
butions from the aerosol forcing are ∼51%, 49%,
and 54% for the global, NH, and SH GPI anom-
alies in ENGPI, respectively. Similarly, the contribu-
tions are ∼51%, 50%, and 52% from DGPI, respect-
ively (figure 2(a)). Regionally, contributions range
from 45% to 55% over individual ocean basins in
both GPIs (figure 2(b)). The two TCF proxies consist-
ently show a relatively larger effect from aerosol for-
cing over the WNP, South Indian Ocean, and South
Pacific Ocean, but a smaller impact over the eastern
Pacific and the North Atlantic. These results suggest
the comparable importance of aerosol and GHG for-
cing for GPI anomalies over the global and hemi-
sphere scales, although the regional feature exists.
Therefore, the plausible speculation no detectable
impact from human activities on global TCF during
the recent decades could be due to the cancellation of
the obvious impacts from individual anthropogenic
forcing.
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To reveal the key factors that dominate the GPI
changes and identify why the GPI changes are com-
parable between the two forcings, we decomposed
the ENGPI (DGPI) in figure S3 (figure S4) follow-
ing previous studies (Camargo et al 2007, Zhao et al
2018, Cao et al 2021). The decomposition is designed
by replacing one variable with its present-day (pd)
(1985–2014) value but fixing the rest at their pre-
industrial (pi) values. For instance, the GPI anomaly
for a giving variable is defined as:

∆GPIvar1 = GPIvar1 −GPIpi

=
(
Var1pd −Var1pi

)
∗Var2pi ∗Var3pi ∗Var4pi

(5)

Following it, the GPI anomalies from each factor
(e.g. ∆GPIvar2,∆GPIvar3,∆GPIvar4) can be calcu-
lated. Figure S5 compared the sumof the four factors-
induced GPI anomalies and the GPI anomaly from
the aerosol and GHG forcing. It shows that this
decomposition is well linearly additive for both GPIs
under aerosol and GHG forcing.

Figures S3 and S4 illustrate the impact of indi-
vidual factors from ENGPI and DGPI. The results
show that the effects from PI and VWS dominate the
changes of ENGPI in hist-GHG and hist-aer experi-
ments (figure S3). In the hist-aer experiment, the PI
has a negative effect onENGPI, especially over theNH
TC development zone (figure S3(a)). The contribu-
tion of VWS has significant regional features with a
generally positive impact over the SH but a negative
effect over the NH, except for the southwest part of
WNP (figure S3(c)). This pattern resembles the NH-
decreased and SH-increased TCF changes under aer-
osol forcing (figure 1(c)), suggesting that the VWS
plays a vital role in shaping the TC formation pat-
tern. When forced by GHG, the impacts from PI and
VWS generally show similar patterns to that of the
aerosol forcing, except for the sign (figures S3(b) and
(d)). The contributions of RH and VORT are both
small compared to PI and VWS in the two experi-
ments (figures S3(f) and (h)).

The decompositions of DGPI show that the
impacts of VWS and Omega are the major contrib-
utors to DGPI changes under both aerosol and GHG
forcing (figure S4). The effect of VWS (Omega) shares
a similar spatial pattern but in different signs between
the two forcings. In addition, figure S6 quantitatively
compared the impacts from PI, VWS, and Omega
in changing GPIs between the two forcings over
the global and regional scales using equation (4).
It shows that the impacts of a giving factor (e.g.
PI, VWS, and Omega) on GPIs are generally com-
parable between aerosol and GHG forcing over the
hemispheric scale and ocean basin scale. That means
the dominant contributors to the GPI anomalies are
comparable between the historical aerosol and GHG
forcing.

3.3. Comparable impacts on TC environment from
aerosol and GHG forcing
Why are the TC environment impacts on GPIs
comparable between the aerosol and GHG forcing?
Figure 3 shows the changes of PI, VWS, and Omega
under the two forcings. The PI anomaly shows a sig-
nificant increase over the NH and a slight increase
over the SH TC development zones under GHG for-
cing, while the aerosols could induce a similar pattern
of PI reduction, especially over the NH (figures 3(a)
and (b)). It means that the aerosol cooling could
cancel out the GHG warming-induced PI increase,
indicating the approximately equal influences on TC
potential intensity in the CMIP6 models (figures 3(a)
and (b)). Therefore, the comparable impact of PI-
induced GPI changes is attributable to the compar-
able PI changes between the two forcings (figure 3).
Sobel et al (2019) suggested that the net surface tur-
bulent heat flux (sum of sensible and latent heat flux)
plays a dominant role in explaining the PI differences
between aerosol andGHG forcing. Figure 4 illustrates
the negative net surface turbulent heat flux from the
hist-aer and the positive heat flux from hist-GHG
experiment. Indeed, they are in a comparable mag-
nitude over the NH TC development zone. The high
consistency between the CMIP5model result and our
analyses confirms the cancelation effect between the
two forcings on the TC environment (Sobel et al 2016,
2019, Ting et al 2015).

The hist-aer experiment simulated enhanced
VWS over most NH oceans but weakened it over the
SHTC development zone (figure 3(c)). The change in
VWS under GHG forcing remarkably resembles that
under aerosol forcing, except for the sign (figures 3(c)
and (d)). The difference in the sign of VWS changes
between the two forcings is attributable to the two
factors. First, the opposite responses of both the lower
and upper tropospheric circulation are seen over
the NH TC development zone (figure S7). Second,
over the SH, the upper-level subtropical westerly jet
weakened and strengthened, respectively, under the
aerosol and GHG forcing (figures S8(c) and (d)), and
the responses of the low-level circulation are relatively
small (figures S8(a) and (b)).

The changes of temperature gradients are
responsible for the circulation changes under both
forcings. To quantitative compare the temperat-
ure gradients, the indices are defined as follows:
the zonal gradient of SST over the tropical pacific
ocean (Z_grad) is calculated as the SST difference
between the tropical eastern Pacific [5◦ S–5◦ N,
80◦ W–100◦ W] and the tropical western Pacific
[5◦ S–5◦ N, 120◦ E–140◦ E], the meridional SST
gradient over NH (M_grad) is defined as the SST
difference between subtropics [25◦ N–35◦ N, 0◦–
360◦] and tropical region [10◦ S–10◦ N, 0◦–360◦],
and the meridional gradient of upper-troposphere
temperature over the NH (N200_grad) is defined
as the air temperature difference between tropical

6
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Figure 3. The changes of (a), (b) PI (m s−1), (c), (d) VWS (m s−1), (e), (f) omega (hPa d−1) in hist-aer (left) and hist-GHG
(right) experiment relative to the pre-industrial period, respectively.

Figure 4. The changes of surface turbulent fluxes (the sum
of sensible and latent heat flux, W m−2) from the
(a) hist-aer and (b) hist-GHG experiment relative to the
pre-industrial period.

region [10◦ S–10◦ N, 0◦–360◦] and the NH sub-
tropics [25◦ N–35◦ N, 0◦–360◦] at 200 hPa, and
the meridional gradient of upper-troposphere tem-
perature over the SH (S200_grad) is the difference
between the tropical region [10◦ S–10◦ N, 0◦–360◦]
and the SH subtropics [25◦ S–35◦ S, 0◦–360◦] at
200 hPa.

During the JASO season, the opposite and
similar magnitude of zonal and meridional SST
gradients across the Northern tropical Pacific Ocean
(Z_grad, M_grad) drive the opposite changes in
low-troposphere circulation from the aerosol and
GHG forcing (figure 5(a)). The change in the upper
troposphere circulation is in a similar magnitude
but with different signs. It is attributable to the sim-
ilar magnitudes of tropical to subtropical upper-
troposphere temperature gradients (N200_grad)
at 200 hPa in hist-aer and hist-GHG experiments
(figure 5(a)), although the physical mechanism is dif-
ferent. The enhancement of the upper-troposphere
temperature gradient is due to the top-heavy heat-
ing over the tropics in the hist-GHG experiment,
while it is due to the reduction of temperature gradi-
ent caused by the NH preferring cooling in the
hist-aer experiment (figures S9(a) and (c)). Dur-
ing the JFMA season, the opposite-in-sign changes
of VWS are dominated by the upper-level subtropic
jet over the SH (figures S7(c) and (d)). It can be
explained by the thermal wind balance due to the
opposite changes of upper-troposphere temperat-
ure gradients (S200_grad) between the two forcings
(figures 5(b) and S9(b), (d)). Thus, the opposite signs
of VWS change between the two forcings are attribut-
able to the opposite atmospheric-ocean temperature
gradients (figure 5).

The response of mid-troposphere vertical motion
in the hist-GHG experiment is generally opposite to
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Figure 5. Temperature gradients and vertical wind shear
indices in (a) boreal summer and (b) boreal winter. Z_grad
is the SST difference between the tropical eastern Pacific
[5◦ S–5◦ N, 80◦ W–100◦ W] and the tropical western
Pacific [5◦ S–5◦ N, 120◦ E–140◦ E].M_grad is the SST
difference between the subtropics [25◦ N–35◦ N, 0◦–360◦]
and the tropical region [10◦ S–10◦ N, 0◦–360◦].
N200_grad is the air temperature difference between the
tropical region [10◦ S–10◦ N, 0◦–360◦] and the NH
subtropics [25◦ N–35◦ N, 0◦–360◦] at 200 hPa. S200_grad
is air temperature difference between the tropical region
[10◦ S–10◦ N, 0◦–360◦] and the SH subtropics
[25◦ S–35◦ S, 0◦–360◦] at 200 hPa. VWS is the
area-weighted average of VWS over [10◦ S–25◦ S,
40◦ E–140◦ W]. The signs are reversed for all indices in
hist-aer experiment for easy comparison. The vertical
whiskers denote one standard deviation.

that of in hist-aer experiment over the SH in aus-
tral summer, but both aerosol and GHG forcing
generally weaken the NH ascent motion in boreal
summer (figures 3(e) and (f)). The changes in ver-
tical motion are well consistent with the zonal mean
Hadley circulation changes (figure S10), although the
driving mechanisms are different between the two
forcings. The anthropogenic aerosol forcing prefers to
cool the NH than the SH (figures S7(a) and S8(a)),
thereby decreasing/increasing the interhemispheric
temperature difference in the boreal/austral sum-
mer, thus weakening/strengthening the climatologic
ascending motion over the NH/SH (figures 3(e) and
(f)). However, the increase of GHG forcing produces
the top-heavy heat of the atmosphere over the tropics
(figures S9(c) and (d)), which enhances the atmo-
spheric stability over both hemispheres, leading to the

weakened vertical motion over the tropics. In addi-
tion, the significant zonal variation of vertical motion
exists in the hist-GHG experiment, and it may be
caused by the El-Nino type of SST warming over the
Pacific Ocean.

In sum, the TC-related environment shows sim-
ilar responses to both the aerosol and GHG forcing,
leading to the comparable impact of the individual
factor on the GPI change between the two forcings.
Since the effects of the two forcings are in differ-
ent signs on GPI, they could cancel out each other
during the historical period when the two forcings
are coexistence. It may result in insignificant changes
of the TC-related environment, thus the global TC
frequency.

3.4. Persistent cancelation effect during the
historical period
During the historical period, the anthropogenic aer-
osol and GHG forcing are both continually increased,
thus competition always exists due to the similar tem-
poral evolution of the two forcings (figures 6(c) and
(d)). We apply the empirical orthogonal function
(EOF) analysis to the ENGPIs in his-aer and hist-
GHG experiments during 1850–2014. The EOF1s
from hist-aer and hist-GHG experiments are sim-
ilar to the corresponding GPI anomalies between the
present-day (1985–2014) and pre-Industrial period
(figures 1(a) and (b)), showing the cancellation pat-
tern between the two forcings (figures 6(a) and (b)).
On the temporal evolution, the principal component
for aerosol-induced response shows a slow increase
before the 1950s, an upward rapidly for 1950s–1990s
followed by stalls. Its temporal evolution well agrees
with the global mean aerosol optical depth and glob-
al/tropicalmean SST (figures 6(c), (e) and (f)). Forced
by the observed GHG emission, the simulated first
principal component of ENGPI features weak vari-
ation before the 1940s, a weak upward for the 1950s-
1970s, and a robust rising trend after the 1970s
(figure 6(d)). Therefore, the two principal compon-
ents have roughly a similar pace of changes; thus, the
competition between the two leading modes could
lead to a weaker change in GPI during the historical
period.

As calculated in table 1, the effective radiat-
ive forcing from anthropogenic aerosol is about
−1.14Wm−2; it is about one-third of that fromGHG
forcing (+2.94 W m−2). Correspondingly, the aer-
osol cooling effect is about half of the GHG warm-
ing effect on global (−0.38 vs 0.80 K) and tropical
(−0.45 vs 0.94 K) SST (e.g. 1985–2014 minus piCon-
trol climatology, figures 6(e) and (f)). However, the
changes in TC-related environment are almost com-
parable in the two forcings (figure 5), implying that
the aerosol-induced global cooling more effectively
modulates atmospheric circulation, by about a factor
of two for a unit SST change, than the GHG-induced
global warming. Therefore, the TCs aremore sensitive
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Figure 6. The upper panel shows the leading EOFs of ENGPI from (a) hist-aer and (b) hist-GHG experiments with explained
variance noted at the upper right. The middle panel shows the (c) normalized time series of hist-aer PC1 and global mean AOD
and (d) normalized time series of hist-GHG PC1 and CO2 concentration. The bottom panel shows the multi-model ensemble
means of (e) global and (f) tropical mean SST in historical (black), hist-aer (blue), and hist-GHG (red) experiments. The shading
areas in (e) and (f) indicate the corresponding ranges of one standard deviation.

to the aerosol forcing than the GHG forcing in terms
of global radiative forcing and global (tropical) mean
SST.

4. Conclusion

The historical and single anthropogenic forcing
experiments from 14 CMIP6 models are used to
understand the climate impacts of anthropogenic aer-
osol and GHG forcing on global TCF. Two GPIs,
thermodynamic–dynamic-based ENGPI and pure
dynamic-orient DGPI, are both used as TC frequency
proxies. The responses are consistent for the two TCF
proxies under various forcings during the historical
period, verifying the robustness of our result. It shows
that the historical aerosol loading and GHG emission
can significantly alter global TCs, while global TCF
response is relatively small in the historical experi-
ment. We quantified the relative importance of the
aerosol and GHG forcing in changing global TCF
by decomposing both the ENGPI and DGPI. Our
results indicate that the changes in TCF associated
with aerosol and GHG forcing are almost compar-
able but opposite. It is mainly due to the similar

atmospheric-ocean thermal gradients under the two
forcings, which cause the same magnitude changes
of the TC-environmental conditions (e.g. PI, VWS,
and Omega) under the aerosol and GHG forcing,
regardless of their opposite signs. The radiative for-
cing from anthropogenic aerosol is about one-third
of that of GHG forcing. The global (tropical) SST
change induced by the aerosol forcing is about half
of that induced by GHG forcing. These facts together
imply that the aerosol forcing has a higher efficiency
in causing TCF changes for a unit of radiative forcing
and tropical mean SST change. The higher efficiency
is due to the aerosol forcing being more effective in
changing atmospheric-ocean temperature gradients.

Our results proposed a possible explanation for
the important scientific issue: why the global TCF
has been relatively stable over the past decades under
the background of intensive anthropogenic influence.
There could be an insignificant trend of TCF when
combining the two anthropogenic forcings since their
impacts are primarily canceled by each other. When
considering the forcing separately, the impact of
individual anthropogenic forcing on hemispherical/
regional TCF may be detectable. As shown by this

9
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study, global TCF is both substantially affected by
aerosol and GHG forcing, future changes in global
and regional TCs and their associated impacts, there-
fore, are dependent on the aerosol andGHG emission
policies.
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